Lipid peroxidation products, such as 4-hydroxynonenal (4HNE), are causative agents responsible for extensive protein damage within the male and female germlines. Recently, we have demonstrated that 4HNE production can initiate the proteolytic degradation of the molecular chaperone Heat Shock Protein A2 (HSPA2) in male germ cells. These events may be partially responsible for HSPA2 deficiency in the spermatozoa of patients that repeatedly fail in vitro fertilization. Given this, mechanisms that limit the production of 4HNE will be highly advantageous for the preservation of male fertility. The propagation of 4HNE in somatic cells has been linked to the enzymatic actions of arachidonate 15-lipoxygenase (ALOX15), a member of the lipoxygenase family of proteins. In view of this association, this study sought to explore ALOX15 as a physiological target to manipulate the levels of 4HNE produced in the male germline. Herein, we have demonstrated that ALOX15 is markedly upregulated in response to oxidative stress in round spermatids and the GC-2 cell line. Pharmacological inhibition of ALOX15 in GC-2 cells resulted in a significant reduction in both mitochondrial and cytoplasmic reactive oxygen species, as well as a dramatic reduction in 4HNE. Importantly, the reduced bioavailability of this aldehyde appears to confer positive downstream effects to its target proteins such that HSPA2 could be protected from damage by 4HNE. Taken together, these results suggest that the actions of ALOX15 are intimately tied to the production of 4HNE. Thus, the ALOX15 protein may be a promising new target for the mitigation of germline oxidative stress.
Introduction
Oxidative stress in the germline is responsible for an extensive range of infertile pathologies [1] [2] [3] [4] . Not least of these is a failure of spermegg recognition, a common cause of clinical fertilization difficulties and a catalyst for the increasing uptake of technologies such as intracytoplasmic sperm injection [5] [6] [7] . We have recently demonstrated that failed sperm-egg recognition is underpinned by a class of highly reactive lipid aldehydes that cause extensive damage to both the DNA [8] and protein content of spermatozoa [9, 10] . These aldehydes are generated as a consequence of membrane lipid peroxidation and their ability to covalently modify vulnerable target proteins results in highly detrimental outcomes for protein homeostasis (as reviewed in [11] ).
4-hydroxynonenal (4HNE) is particularly damaging to the process of sperm-egg recognition as it modifies both the function and the stability of the molecular chaperone, Heat Shock Protein A2 (HSPA2) in developing germ cells and mature spermatozoa [10, 12] . The importance of this chaperone to human fertility has been recognized in an extensive body of literature [13] [14] [15] [16] [17] [18] [19] [20] . Indeed, the documented roles of HSPA2 in the male germline range from the regulation of synaptonemal complex assembly during meiosis in developing germ cells [20] , to the critical membrane remodeling events that take place during sperm capacitation [17, [21] [22] [23] . More recently, we have reported the rapid degradation of HSPA2 following its modification by 4HNE in developing germ cells, an event that underpins the HSPA2 deficiency phenotype common to the spermatozoa of infertile patients that repeatedly fail in vitro fertilization in a clinical setting [12] . Moreover, 4HNE targets many additional vulnerable proteins in human spermatozoa including succinate dehydrogenase (SDHA; [24] ), protein kinase A, and dynein heavy chain 17 axonemal [9] , the modification of which may also hold severe consequences for sperm function.
The production of 4HNE arises through both enzymatic and nonenzymatic means. Nonenzymatic 4HNE generation occurs via several complex oxygen radical-dependent routes involving the production of hydroperoxides, alkoxyl radicals, epoxides, and fatty acyl crosslinking reactions (as reviewed in [25] ). Conversely, the enzymatic generation of 4HNE is relatively linear and relies on the action of a class of lipoxygenase enzymes that facilitate the oxygenation and degradation of ω-6 polyunsaturated fatty acids (PUFAs), such as linoleic and arachidonic acid [25, 26] . In other cell types, activity of the arachidonate 15-lipoxygenase (ALOX15) enzyme appears to be intrinsically linked with the production of 4HNE, and it has subsequently been implicated in the pathophysiology of various complex conditions such as coronary artery disease, multiple sclerosis [27] , diabetes [28] , and colorectal cancer [29] . Unlike other lipoxygenase family members, ALOX15 interacts with lipids of diverse composition and chain length allowing this protein to facilitate a variety of lipid peroxidation processes [30] . Moreover, direct links between ALOX15 function and oxidative stress have been made in neuronal cells [31] where expression of the enzyme is upregulated in patients with Alzheimer's disease (AD); a condition that links 4HNE to the accumulation of amyloid beta plaques and the initiation of neuronal cell death [32] [33] [34] .
While ALOX15 has not been well characterized in the germline, an elegant new study by Brutsch and colleagues has provided compelling evidence for an antagonistic relationship between the antioxidant glutathione peroxidase 4 (GPX4) and the expression of ALOX15 [35] . Specifically, these authors have demonstrated that inactivation of the ALOX15 gene leads to a recovery of the reduced fertility phenotype induced by heterozygous expression of catalytically inactive GPX4. In support of this association, ALOX15-deficient neuronal cells have also proven highly resistant to glutathione depletion [36] . Moreover, ALOX15 has been implicated in the breakdown of mitochondrial membrane potential and the release of cytochrome C in apoptotic neuronal HT22 cells enduring glutamate-induced oxidative stress [37] .
Taken together, these studies suggest that ALOX15 may hold a conserved role in the propagation of cellular reactive oxygen species (ROS) and the production of 4HNE across many biological systems. In light of the pressing need to develop more effective methods to prevent 4HNE-mediated germline pathologies, this study sought to explore ALOX15 as a physiological target to manipulate the levels of 4HNE produced in the male germline in response to oxidative stress. Specifically, these studies were designed to investigate the levels of ALOX15 in response to oxidative challenge of isolated spermatocytes and spermatids from the mouse testis, and determine whether the pharmacological inhibition of ALOX15 could alleviate cellular ROS and 4HNE production. Moreover, this study aimed to use the inhibition of ALOX15 to prevent 4HNE-induced protein alkylation of HSPA2 as a model 4HNE-adducted protein.
Materials and methods

Ethics approval
All experimental procedures involving animals were conducted with the approval of the University of Newcastle's Animal Care and Ethics Committee (ACEC) (approval number A-2013-322). Inbred Swiss mice were obtained from a breeding colony held at the institutes' central animal house and maintained according to the recommendations prescribed by the ACEC. Mice were housed under a controlled lighting regime (16L:8D) at [21] [22] • C and supplied with food and water ad libitum. Prior to dissection, animals were euthanized via CO 2 inhalation.
Reagents
Unless specified, chemical reagents were obtained from SigmaAldrich (St. Louis, MO, USA) and were of research grade. Cell culture reagents were purchased from Sigma-Aldrich or ThermoFisher Scientific (Waltham, MA, USA). The primary and secondary antibodies purchased to characterize proteins of interest are outlined in supplementary table 1. Albumin and 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate were obtained from Research Organics (Cleveland, OH, USA), and Dulbecco's modified eagle's medium (DMEM) was purchased from ThermoFisher Scientific, Tris was purchased from ICN Biochemicals (Castle Hill, NSW, Australia), nitrocellulose was from GE Healthcare (Buckinghamshire, UK), Mowiol 4-88 was from Calbiochem (La Jolla, CA, USA), and paraformaldehyde was supplied by ProSciTech (Thuringowa, QLD, Australia).
Germ cell acquisition
Enriched populations of spermatocytes and spermatids were acquired from dissected adult mouse testes using density sedimentation at unit gravity as described previously [38] [39] [40] . Testes were disassociated and tubules were sequentially digested with 0.5 mg/ml collagenase/DMEM and 0.5% v/v trypsin/Ethylenediaminetetraacetic acid (EDTA) to remove extratubular contents and interstitial cells. The remaining isolated cells were loaded onto a 2-4% w/v bovine serum albumin (BSA)/DMEM gradient to separate male germ cell types according to density. This method resulted in the isolation of pachytene spermatocytes (PS; ∼85% purity) and round spermatids (RS; 88% purity) with very little to no somatic cell contamination, as extratubular cells are digested and removed prior to density sedimentation [12, 40] .
Cell culture
The mouse spermatogenic cell line GC-2 spd (ts) (hereafter referred to as GC-2; American Type Culture Collection, Manassas, VA, USA) were cultured in DMEM supplemented with 100 mM sodium pyruvate, 200 mM L-glutamate, 100 U/ml penicillin, 10 mg/ml streptomycin, and 5% fetal calf serum, and grown to confluence at 37
• C under 5% CO 2 with medium renewed every 2-3 days. Cells were harvested for all assays using trypsin/EDTA, resuspended in fresh DMEM, and treated in solution.
Induction of oxidative stress
Isolated RS were resuspended in 1 ml sterile DMEM, supplemented with 100 μM sodium pyruvate, 200 μM L-glutamate, 100 U/ml penicillin, 10 μg/ml streptomycin, and 5% v/v fetal bovine serum. To study the effects of ALOX15 inhibition on cellular ROS and 4HNE production, oxidative stress was induced in isolated spermatocytes and spermatids via a 50 μM exposure to H 2 O 2 for 3 h. Alternatively, a 200 μM exposure to H 2 O 2 for 3 h was employed for cultured GC-2 cells as established previously [12] .
Immunofluorescence
Embedded testis tissue slides were dewaxed and rehydrated as previously described [41] and sections were subjected to antigen retrieval via immersion in 10 mM Tris (pH 9) and microwaving at 1000 W for 10 min. Subsequent incubations were performed as previously described by Reid et al. [41] [42] .
Sodium dodecyl sulfate polyacrylamide gel electrophoresis and immunoblotting
Following induction of oxidative stress, RS, PS, and GC-2 cells were washed once in DMEM, pelleted via centrifugation and resuspended for sodium dodecyl sulfate (SDS)-based protein extraction buffer as previously described [41] . Protein extracts were then boiled in the presence of NuPAGE LDS sample buffer (Invitrogen) containing 8% β-mercaptoethanol, subjected to SDS polyacrylamide gel electrophoresis (SDS-PAGE) using 4-12% Bis-Tris gels (ThermoFisher Scientific) and then electrotransferred to nitrocellulose membranes using conventional Western blotting techniques [43] . To detect proteins of interest, membranes were blocked in 3% BSA in Tris-buffered saline supplemented with 0.1% Tween-20 (TBST, pH 7.4) then probed with either anti-ALOX15, anti-4HNE, or anti-HSPA2 antibodies (each diluted 1:1000 in TBST supplemented with 1% BSA) under constant rotation overnight at 4
• C. Membranes were washed in TBST (3 × 10 min), and appropriate secondary antibodies were applied for 1 h at RT under constant rotation. After a further three washes, labeled proteins were visualized using an enhanced chemiluminescence detection kit (ECL plus, Amersham Bioscience) according to the manufacturer's instructions. After development, all Western blots were stripped prior to being reincubated in anti-α-tubulin antibodies (1:4000) and its corresponding secondary antibody, as above, to determine equivalent loading. Band density was quantified over three replicate blots using Image J software (version 1.48v; National Institute of Health, Bethesda, MD, USA) and expressed relative to α-tubulin labeling intensity.
Immunocytochemistry
Following the induction of oxidative stress, RS, PS, and GC-2 cells were fixed in 4% paraformaldehyde, washed 3 × with 0.05 M glycine in phosphate-buffered saline (PBS) and then pipetted onto poly-Llysine-coated glass coverslips and allowed to settle overnight at 4
Cells were permeabilized with 0.2% Triton X-100, then placed in a humid chamber and blocked in 3% BSA/PBS for 1 h. Coverslips were then washed in PBS and incubated in anti-ALOX15, anti-4HNE, or anti-HSPA2 antibodies diluted 1:100, overnight at 4
• C. Following this, coverslips were washed (3 × 5 min) in PBS before applying appropriate secondary antibodies diluted 1:100 with 1% BSA/PBS for 1 h at RT. Coverslips were washed in PBS (3 × 5 min) before mounting in 10% Mowiol 4-88 (Calbiochem) with 30% glycerol in 0.2 M Tris (pH 8.5) and 2.5% 1,4-diazabicyclo-(2.2.2)-octane. Cell labeling was examined with a Zeiss LSM510 laser scanning confocal microscope (Carl Zeiss Pty, Sydney, Australia). Fluorescence intensity analysis was performed by recording the fluorescence of at least 50 isolated germ cells over three replicates using ImageJ software where the area and integrated density of each cell was measured. The average of the mean background was determined for secondary antibody only probed germ cells. Fluorescence intensity for each population was then determined by subtracting the area × the mean background from the integrated density.
Arachidonate 15-lipoxygenase inhibition
Inhibition of ALOX15 activity in GC-2 cells was performed using the indole-based inhibitor 6,11-dihydro [1] benzothiopyrano [4,3-b] indole (PD146176; Tocris Bioscience, Avonmouth, Bristol, UK). PD14676 is documented as a noncompetitive, ALOX15 specific inhibitor [44, 45] that is known to significantly reduce 15-HPETE [46] and HODE [47] , major products of the ALOX15 metabolic pathway [48] . The concentrations of PD146176 explored in this study, 0.1-1 μM (diluted in Dimethyl sulfoxide (DMSO)), were selected based on the IC 50 of PD146176 in rabbit reticulocytes (0.54 μM). GC-2 cells were pretreated with PD146176 for 15 min prior to exposure to 200 μM H 2 O 2 , and the inhibitor was retained for the duration of treatment thereafter (3 h) to ensure adequate inhibition of ALOX15 activity. A DMSO vehicle control (1 μM) was also included in experiments evaluating PD146176 efficacy and ROS levels.
Detection of cytosolic and mitochondrial reactive oxygen species
Evaluation of cytosolic and mitochondrial ROS levels in response to ALOX15 inhibition was achieved using dihydroethidium (DHE; ThermoFisher) and the mitoSOX red mitochondrial superoxide indicator (MitoSOX Red [MSR]; Life Technologies) probes, respectively. Dihydroethidium is a poorly fluorescent product of ethidium (EtP), which when attacked by ROS (specifically, superoxide anion) produces DNA-sensitive fluorochromes (EtP and 2-hydroxyethidium) that generate a red nuclear fluorescence on excitation at 510 nm [49, 50] . To ensure the efficacy of these probes, small aliquots of GC-2 cells were exposed to 25 μM arachidonic acid to induce high levels of ROS [1] , after which cells preloaded with MSR or treated with DHE for 30 min were viewed under a fluorescence microscope. On all occasions, the percentage of cells positive for both probes exceeded 95%.
Statistics
All experiments were replicated at least 3 × with independent biological replicates comprising germ cells from at least three mice, or in the case of GC-2 cells, three independent cultures. Statistical analyses were performed using either a two-tailed, unpaired Student t-test using Microsoft Excel (Version 14.0.0) or by ANOVA using JMP statistical software (version 13.0.0). A posthoc comparison of group means was conducted using a Tukey-kramer honest significant difference (HSD) all pair's test (P < 0.05). In all cases, differences were considered significant for P < 0.05. Data are expressed as mean values ± S.E.
Results
4-hydroxynonenal treatment results in a significant increase in the expression of arachidonate 15-lipoxygenase in male germ cells
Preceding an extensive characterization of ALOX15 expression in male germ cells, our initial studies sought to confirm the presence of the ALOX15 protein in the mouse testis. This was achieved through immunofluorescent labeling with anti-ALOX antibodies in combination with the acrosome marker, PNA to identify late-stage germ cells. These studies revealed the presence of ALOX15 in testicular germ cells with intense labeling being detected in association with spermatocytes and postmeiotic spermatids ( Figure 1A ). Within the spermatid population, ALOX15 distinctly colocalized with PNA suggesting the presence of this protein in the developing acrosome ( Figure 1A) . This protocol was then applied to commercially sourced human testis tissue to investigate whether ALOX15 is conserved in the human testis and hence confirm the applicability of this study Figure 1 . Localization of ALOX15 in developing spermatozoa within the mouse and human testis. To confirm the presence of ALOX15 in mouse (A) and human (B) testis tissue, immunofluorescence was performed with an anti-ALOX15 antibody (red), and sections were counterstained with the acrosome marker PNA (green) and nuclear marker DAPI (blue). Images were captured by confocal microscopy using a 40× objective scale = 25 μm (A); 100 μm (B), n = 3.
to humans. Although a relatively high degree of tubule disorganization was evident in human testis sections compared to those of the mouse, the presence of ALOX15 was again confirmed in the latestage germ cells of the testis and the protein also colocalized with PNA ( Figure 1B ). ALOX15 fluorescence was present in earlier stage germ cells throughout the tubules, though the most distinct labeling was present in developing spermatids. Given the presence of ALOX15 in the testis, the ensuing experiments aimed to evaluate changes in its expression in response to an oxidative stimulus (i.e., exposure to H 2 O 2 ). The induction of oxidative stress and, importantly, cellular 4HNE manufacture was evaluated in isolated PS, RS, and GC-2 cells through the use of an antibody generated to detect cellular 4HNE. This analysis revealed increases in cellular 4HNE in all populations of PS, RS, and GC-2 cells exposed to H 2 O 2 ( Figure 2) . Quantification of these data revealed significantly increased 4HNE expression in PS (P < 0.01), RS (P < 0.01), and GC-2 cells (P < 0.001) compared to untreated cells. Significantly increased ALOX15 expression was detected in Figure 2 . ALOX15 and 4HNE expression in developing germ cells exposed to hydrogen peroxide. (A) PS, (B) RS, and (C) GC-2 cells were treated with hydrogen peroxide (H2O2) prior to being fixed for immunocytochemistry with anti-4HNE (red) and anti-ALOX15 (green) antibodies. Anti-4HNE and ALOX15 colocalization was performed alongside a nuclear counterstain (DAPI; blue). Confocal microscopy images were captured using a 60× objective (A-C). Scale = 10 μm (A and C), 5 μm (B). Overall cellular fluorescence was quantified through pixel intensity measurement using Image J software and pixel intensity was recorded as mean ± SEM, n = 3. Student t-tests were performed relative to the untreated control, * * P < 0.01, * * * P < 0.001 RS (P < 0.001) and GC-2 cell populations (P < 0.05) in response to H 2 O 2 treatment ( Figure 2B and C). In contrast, no discernible differences in ALOX15 expression were found in PS exposed to conditions of oxidative stress. Interestingly, colocalization of ALOX15 and 4HNE was observed across all cells in a manner independent of oxidative status.
Immunoblotting was utilized as a quantitative tool to assay ALOX15 protein expression following H 2 O 2 treatment (Figure 3) . Strikingly, increased ALOX15 protein expression was observed in response to H 2 O 2 treatment in RS and GC-2 cells ( Figure 3B and C), whereas no change was observed for PS ( Figure 3A) . Specifically, quantification of ALOX15 by densitometry (70 kDa) relative to tubulin (55 kDa), revealed a significant increase in ALOX15 protein expression (RS P < 0.001 and GC-2 cells P < 0.001), following H 2 O 2 challenge. These results are entirely consistent with the data obtained through immunocytochemistry ( Figure 2B and C) . Importantly, the upregulation of ALOX15 was found to extend to the GC-2 cell line indicating that these cells may prove a suitable model for more in-depth studies of ALOX15 in relation to 4HNE production and oxidative stress. As described previously [12] , this cell line afforded the additional advantages that it was more resilient to H 2 O 2 treatment, and could be more readily cultured in vitro than that of PS and RS. Thus, for the purpose of this study, GC-2 cells were selected as a model for RS and used to evaluate the effects of ALOX15 inhibition on cellular ROS.
Inhibition of arachidonate 15-lipoxygenase significantly reduces cellular reactive oxygen species and 4-hydroxynonenal levels in GC-2 cells
ALOX15 fulfills a well-characterized role in the propagation of ROS in many cell types. To examine whether the pharmacological inhibition of ALOX15 could protect GC-2 cells from oxidative stress, the indole-based ALOX15 inhibitor, PD146176, was used to specifically inhibit ALOX15 for the duration of H 2 O 2 exposure. PD146176 was used at concentrations ranging from 0.1 to 1 μM to reflect its established IC 50 of 0.5 μM [47] . Importantly, these doses did not reduce the viability of GC-2 cells as determined by Eosin staining (Supplementary Figure S1 , www.biolreprod.org).
Inhibition of ALOX15 during H 2 O 2 exposure resulted in significantly decreased levels of cytosolic ROS in GC-2 cells by the DHE fluorescent probe that specifically detects superoxide anion ( Figure 4A ). After probing with anti-ALOX15 antibodies, membranes were stripped and reprobed with anti-tubulin antibodies. Three replicate blots were performed with representative images shown. The density of the 70 kDa ALOX15 band was quantified relative to tubulin immunoblots and plotted as mean ± SEM (n = 3). Student t-tests were performed relative to the untreated (UT) control, * * * P < 0.001.
Notably, 2.7-fold and 3.3-fold decreases in the percentage of DHE positive GC-2 cells were observed following supplementation of the incubation medium with either 0.5 or 1 μM PD146176, respectively ( Figure 4A ). Furthermore, assessment of mitochondrial ROS levels in the ALOX15-inhibited GC-2 cells also revealed dramatic reductions in ROS levels with a 4.8-fold decrease in the number of MSR positive cells recorded in response to inhibition with 1 μM PD146176 (P < 0.01; Figure 4B ). To verify whether these decreases in cellular ROS also reflected a change in the downstream impact of oxidative stress, levels of the cytotoxic lipid peroxidation product, 4HNE, were assessed in response to ALOX15 inhibition ( Figure 5 ). Levels of 4HNE were determined by immunofluorescence using an anti-4HNE antibody, and revealed increased cytosolic staining in GC-2 cells in response to H 2 O 2 treatment, compared to that of their untreated counterparts ( Figure 5A ). However, in line with our cellular ROS analyses, 4HNE levels were greatly reduced in GC-2 cells when H 2 O 2 treatment was performed in the presence of the ALOX15 inhibitor at a concentration of 1 μM. Importantly, this reduction in fluorescence was not observed in H 2 O 2 -treated cells exposed to the DMSO vehicle control in place of PD146176 ( Figure 5A ). These data were quantified through pixel intensity analyses across populations of GC-2 cells ( Figure 5B ) and a significant reduction in 4HNE fluorescence in the PD146176-treated cells was recorded compared to the H 2 O 2 treatment alone (P < 0.001). Moreover, the levels of 4HNE fluorescence after PD146176 exposure were statistically similar to that of the untreated control (P > 0.05).
This result was verified through immunoblotting with the same anti-4HNE antibody, the results of which revealed an increase in the density of 4HNE-labeled bands ranging from ∼32 to ∼100 kDa in lysates obtained from H 2 O 2 -treated GC-2 cells ( Figure 5C ). However, when PD146176 was included in these treatments, a dramatic reduction in cellular 4HNE expression was observed such that these adducts were barely detectable via immunoblotting. These data were quantified relative to anti-tubulin immunoblots, revealing a highly significant decrease in 4HNE adducts after ALOX15 inhibition (P < 0.001; Figure 5D ). Importantly, this result did not extend to DMSO vehicle control lysates which sustained 4HNE at an equivalent level to that of H 2 O 2 -treated cells (P > 0.05), as shown in Figure 5C .
Taken together, these results suggest that ALOX15 enzyme activity makes a significant contribution to the levels of cellular ROS and lipid peroxidation (4HNE) experienced by GC-2 cells upon exposure to H 2 O 2. Nevertheless, it was important to verify that ALOX15 inhibition, and the concomitant reduction in oxidative stress, could also have a tangible effect on cell function. In previous studies, we have identified HSPA2 as an important target for 4HNE adduction [12] . Inhibition of ALOX15 reduces the levels of cytosolic and mitochondrial ROS in GC-2 cells exposed to hydrogen peroxide. GC-2 cells were exposed to hydrogen peroxide (H2O2) alone or in the presence of 0.1, 0.5, or 1 μM concentrations of an ALOX15 inhibitor (PD146176). The levels of cytosolic and mitochondrial ROS were subsequently measured using a dihydroethidium probe (DHE; A) or MitoSOX Red (MSR; B), respectively. Differences in ROS levels were quantified through fluorescence microscopy counts (minimum of 100 live cells, verified by SYTOX Green fluorescence), and statistical analysis was performed by Student t-tests relative to the H2O2 control. Data are presented as mean ± SEM (n = 3).
* P < 0.05; * * P < 0.01; * * * P < 0.001.
Hence, we were interested in determining whether the inhibition of ALOX15 may also alleviate 4HNE adduction to its protein targets through the use of HSPA2 as a model.
Heat Shock Protein A2 recovery occurs in response to the inhibition of arachidonate 15-lipoxygenase in GC-2 cells
Previously, we have established that oxidative stress in the male germline results in the modification of HSPA2 by 4HNE and the subsequent ubiquitination and degradation of this chaperone via a proteasome-dependent pathway [12] . This pathway is common to many 4HNE-targeted proteins in somatic cells and appears to be a conserved mechanism for the removal of mildly oxidized proteins from cells [51] [52] [53] [54] . We therefore reasoned that intervening in 4HNE production via the inhibition of ALOX15 may prevent these deleterious events in the male germline. To test this, the expression of HSPA2 protein was monitored in GC-2 cells through immunoblotting with anti-HSPA2 antibodies. In keeping with our previous observations [12] , this experiment revealed a distinct loss of the 70 kDa HSPA2 band from the lysates of H 2 O 2 -treated GC-2 cells compared to untreated cells ( Figure 6 ). However, in stark contrast, the inclusion of PD146176 was able to prevent the loss of HSPA2 protein expression resulting in a significantly increased HSPA2 expression compared to that of the H 2 O 2 -exposed cells (P < 0.01). Moreover, equivalent results were obtained through the use of the nucleophile penicillamine (1 mM) to scavenge 4HNE produced through H 2 O 2-induced lipid peroxidation. This result suggests that ALOX15 inhibition may provide an effective method to prevent 4HNE-induced damage to vulnerable germline proteins and offers a protective effect comparable to the use of scavenging antioxidants in vitro.
Discussion
The generation of 4HNE from its lipid substrates has been extensively studied in somatic cells since its discovery in the early 1970s [25] . Particularly in terminally differentiated cells such as neurons, this aldehyde modulates proteostasis through either promoting or reducing the proteolytic capacity of cells in a concentration-dependent manner [55] [56] [57] [58] [59] [60] . However, comparatively little is known regarding the mechanism(s) of 4HNE production in the male germline with studies conducted thus far focusing on its extreme toxicity in mature spermatozoa [24, 61] and its effect on the protein targets within these cells. Here we report that 4HNE production is overtly linked to the activity of the ALOX15 enzyme in developing male germ cells, with its inhibition leading to reduced levels of 4HNE and a concomitant decline in both cytosolic and mitochondrial ROS. Furthermore, the targeting of HSPA2 by 4HNE that results in its proteolysis in GC-2 cells was subsequently prevented through the inhibition of ALOX15 activity. The ability of ALOX15 to promote 4HNE manufacture stems from its catalysis of the lipid peroxidation process via hydrogen extraction and oxygenation of the lipid chains to form reactive peroxy radicals [30, 62] . These peroxy radicals are able to dissociate hydrogen atoms from neighboring PUFAs, resulting in an escalation of the process and the promotion of membrane-wide peroxidation events [62] . The robust induction of ALOX15 expression in RS and GC-2 cells in this study is congruent with the increase in both ROS and 4HNE production that occurs following H 2 O 2 treatment of these cells. Furthermore, the disparity in response of meiotic and postmeiotic germ cells to oxidative stress is entirely consistent with our previous observations where we documented an enhanced response to ROS induction in RS compared to PS [12] . This may, in part, be due to the relatively low quantity of PUFA substrates in the membranes of PS compared to RS [63] . Conversely, the lack of ALOX15 Figure 5 . Inhibition of ALOX15 reduces cellular 4HNE expression in hydrogen peroxide-treated GC-2 cells. GC-2 cells were treated with hydrogen peroxide (H2O2) in the presence of an ALOX15 inhibitor (+PD146176) or without an inhibitor (H2O2) and compared to their untreated counterparts. Cells were (A) fixed for immunocytochemistry with anti-4HNE antibodies (green) and counterstained with DAPI (blue) or (C) lysed for SDS-PAGE and immunoblotting. (B) 4HNE levels were quantified via pixel intensity analysis or (D) immunoblot band density relative to tubulin using Image J software. Experiments were performed using three biological replicates with data presented as mean ± SEM. Student t-tests were performed relative to the H2O2-treated control, * P < 0.05; * * P < 0.01; * * * P < 0.001. Scale = 5 μm (panel B).
induction at the spermatocyte stage may indeed provide an explanation for the decreased stress response observed in PS compared to RS upon being subjected to an oxidative challenge. The primary precursors of 4HNE that are produced through the ALOX15 pathway are 15-hydroperoxyeicosatetraenoic acids (15-HPETE) and 13-hydroperoxyoctadecadienoic acid, resulting from the oxidation of arachidonic and linoleic acid, respectively [64, 65] . 15-HPETE, in particular, is associated with proapoptotic functions such as the activation of cytochrome c and caspases, as well as DNA fragmentation [25] . However, these products are rapidly catabolized into more stable compounds such as 15-hydroxyelcosatetraenoic acids (15-HETEs), leukotrienes, and lipoxins. While minimal studies have evaluated the activation of ALOX15 in response to stress, this protein is able to initiate its oxidation of membrane lipids by translocating from the cytoplasm to the inner leaflet of biomembranes in a calcium-dependent manner [66] . This binding appears to be reversible and is unlikely to rely upon a specific docking protein within the membrane thus allowing for transient membrane interactions [66] . Additionally, the activity of ALOX15 appears to rely on the liberation of membrane PUFAs via the action of the phospholipase family (PLA; [26, 67, 68] ), enzymes that dissociate phospholipids such as arachidonic and linoleic acid from the plasma membrane [67, 68] . Thus, the involvement of ROS in the activation of ALOX15-catalyzed lipid peroxidation may be by virtue of their ability to activate PLA [69] and provide substrate for the ALOX15 activity.
The inhibitor used in the current study, PD146176, was chosen based on its efficacy in a broad range of cell types [31, 44, 45] and its ability to significantly reduce the primary products of ALOX15; 15-HPETE [46] and 13-HODE [47] . Moreover, preclinical development of PD146176 to prevent AD in mice has proven extremely successful with significant improvements in memory deficiency and a reduction in both amyloid B and Tau production [70, 71] . Interestingly, 4HNE has been implicated in degenerative disorders like AD through its role in protein crosslinking leading to the accumulation of amyloid B plaques and initiation of neuronal cell death [32] [33] [34] . While the implications of ALOX15 inhibition on other systems in the body would require assessment, this study provides a promising alternative to the use of antioxidants to prevent/reduce clinical infertility. Lysates from GC-2 cells exposed to H2O2 in the presence of either 1 μM PD146176 or 1 mM penicillamine were subjected to SDS-PAGE and immunoblotting with anti-HSPA2 antibodies alongside their untreated counterparts (A). HSPA2 protein levels were verified via immunoblotting with anti-HSPA2 antibodies and the density of the 70 kDa protein bands was quantified relative to the anti-tubulin loading control (B). Quantification was performed on immunoblots from three independent replicates and data are presented as mean ± SEM. Student t-tests were performed relative to the H2O2-treated control, * * P < 0.01; * * * P < 0.001.
Despite these positive potential implications for the inhibition of ALOX15 in the regulation of 4HNE-mediated pathologies, caution must be taken in the ablation of cellular 4HNE as it may play important roles in cell signaling that are yet to be characterized in the germline. For example, 4HNE may induce antioxidant mechanisms in some cell systems by acting as a second messenger of oxidative/electrophilic stress and in turn, may actually enhance cellular protection against oxidative damage [72] . Similarly, the physiological role of ALOX15 in the germline remains unknown and its function needs to be rigorously evaluated before pharmacological inhibition of ALOX15 can be developed as a clinical tool. Studies conducted thus far cite the ability of ALOX15 to coordinate membrane lipid peroxidation as an important mechanism for the shedding of the cytoplasmic droplet in mouse spermatozoa [73, 74] . These findings stem from studies of the subfertile ALOX15 −/− mouse that presents altered epididymal sperm maturation and increased cytoplasmic droplet retention [74] . However, little else is currently known regarding the biological role of this protein in the germline. A particularly positive outcome from the current study was the reduction in ROS originating from both the cytoplasm and the mitochondria. The inhibition of ALOX15 in independent studies has indeed been demonstrated to reduce oxidative cell death in response to glutamate challenge in neuronal cells [31] . However, it remains to be determined whether reducing ALOX15 activity can directly result in the remediation of ROS-promoting pathways. In this regard, a potential downstream effect of ALOX15 inhibition on cellular metabolism and subsequent superoxide production is yet to be examined. Additionally, it is possible that the decrease in ROS observed in this study occurs through the severing of the 4HNE-signaling cascades that are known to promote the unregulated production of mitochondrial ROS via the disruption of SDHA enzyme activity [24, 75] . Although a direct link has not been made between 4HNE, mitochondrial electron leakage and ROS production in developing germ cells, the SDHA enzyme is a target for covalent adduction by 4HNE in both mature spermatozoa [24] and in oocytes [75] implying that this protein is particularly vulnerable to modification by lipid aldehydes.
Similarly, our previous work has demonstrated the sensitivity of HSPA2 to 4HNE adduction in both human spermatozoa [10] and mouse germ cells [12] . The robust nature of this adduction has enabled the measurement of HSPA2 protein stability as a reliable record of 4HNE-mediated protein damage in GC-2 cells. Excitingly, this has led us to discover that the degradation of HSPA2 can be largely prevented through the use of either antioxidant supplementation in the form of D-penicillamine, or through the inhibition of ALOX15 with PD146176. Such findings have many implications for the recovery of HSPA2-dependent cell functions that are important for fertility such as correct spermiogenesis [15] , and protein complex assembly at the sperm surface in preparation for oocyte interactions [17, 21] . Notwithstanding these findings, the true merit of inhibiting the ALOX15 catalyzed pathway may be through preventing 4HNE adduction to other important protein targets such as SDHA. In this way, ameliorating the disruption of SDHA that is induced by 4HNE could have extremely positive consequences for germ cell viability by halting the unregulated production of cellular ROS that inevitably leads to cell death [24, 75] .
Interestingly, a recent report has implicated lipoxygenases in the induction of a newly characterized iron-regulated form of cell death termed "ferroptosis" [76, 77] . This process is initiated through the loss of GPX4 phospholipid peroxidase activity and a subsequent lethal accumulation of ROS [76] [77] [78] [79] . Further, it has been proposed that PUFA oxidation by lipoxygenases occurs via a phosphorylase kinase G2-dependent iron pool that is necessary for the process of ferroptosis [76] . Accordingly, the release of metabolic products of ALOX, including 5-HETE, 11-HETE, and 15-HETE, was detected in the medium of GPX4 −/− cells after the induction of ferroptosis [80] . Ferroptosis has recently been implicated in a broad range of disease models including heart and kidney tissue subjected to ischemiareperfusion injury [80, 81] , as well as in the cell death of brain tissue exposed to excess glutamate [77] . Intriguingly, this phenomenon appears to reflect both the inverse correlation of GPX4 and ALOX15 activity recently reported in the germline [35] , as well as the 4HNE-mediated propagation of cellular ROS and the subsequent induction of cell death recently characterized in our laboratory [24, 75] . Moreover, the importance of the glutathione peroxidase enzymes in the maintenance of sperm integrity and fertilization capacity has long been held [82, 83] . Thus, evaluation of ferroptosis should form an important focus for future studies evaluating the role of ALOX15 in the male germline. In summary, we posit that the upregulation of ALOX15 occurring in response to oxidative stress in germ cells of the male mouse leads to enhanced 4HNE production and subsequent pathways of deleterious protein modification. Thus, the inhibition of ALOX15 results in a concomitant reduction in cytoplasmic and mitochondrial ROS, as well as a significant reduction in the bioavailability of 4HNE. This in turn limits the adduction of 4HNE to vulnerable proteins such as HSPA2, and thus has a protective effect on cellular protein function (summarized in Figure 7 ). Taken together, this 3) Such activity increases membrane lipid peroxidation leading to the generation of reactive lipid aldehyde byproducts including 4HNE. 4) Enhanced levels of 4HNE may catalyze further waves of ROS production via the adduction of vulnerable proteins such as SDHA and, in turn, covalently modifies HSPA2, a protein that holds a critical role in spermatogenesis. 5) Upon 4HNE modification, HSPA2 is ubiquitinated and degraded by the proteasome. 6) Conversely, pharmacological (PD146176) inhibition of ALOX15 activity leads to reduced levels of cellular ROS and thus attenuates 4HNE production. This prevents the damage to HSPA2 by 4HNE and results in a stabilization of HSPA2 protein expression. study positions us closer to a robust mechanistic understanding of the production of cellular 4HNE in the male germline and provides the impetus to explore lipoxygenase-targeted therapeutic interventions that could be of benefit to ROS-mediated infertile pathologies.
Supplementary data
Supplementary data are available at BIOLRE online. Figure S1 . Viability of GC-2 cells in response to ALOX15 inhibition and H 2 O 2 exposure. GC-2 cells were treated with 200 μM H 2 O 2 for 3 h alongside either a 1 μM DMSO vehicle control or 0.1-1 μM PD146176 to inhibit ALOX15 activity. Viability was recorded post-treatment using an Eosin vitality stain, and data are presented as mean ± SEM (n = 3).
Supplementary
Supplementary Table S1 . Details of antibodies used throughout this study.
